1. Introduction {#sec1}
===============

With the incidence of breast cancer increased over the last decade [@bib1], many studies have sought to understand the morphological changes that occur in breast tissues due to carcinogenesis towards elucidating our understanding of disease development. Small (SAXS) and wide angle X-ray scattering (WAXS) are powerful techniques to reveal the structural arrangements of an object at the supramolecular and molecular scale, respectively.

Many works are employing SAXS and WAXS techniques to get information about the structural organization of healthy and pathological human breast tissue. SAXS analysis has been used by groups to reveal changes in collagen fibril d-spacing \[[@bib2], [@bib3], [@bib4], [@bib5]\] and variations in the amorphous scattering component \[[@bib4], [@bib5], [@bib6], [@bib7]\] that are related to breast cancer development. In addition, WAXS analysis has been used to identify structures like fatty acids and water molecules \[[@bib8], [@bib9], [@bib10], [@bib11]\] in an attempt to classify breast samples \[[@bib10], [@bib12], [@bib13], [@bib14]\].

Although previous studies present features that, in principle, are correlated to breast cancer growth, they do not provide insight regarding the changes in the functionality of the tissues dominated by the pathological cells. In adult women, the water-content represents between 50% and 70% of the mass in normal breast tissues [@bib15], and this value is increased within pathological tissues [@bib16]. From this, water molecules are supposed to play an essential role in the spatial arrangement of components within the breast and may subsequently influence metabolism within this tissue [@bib17]. In this sense, recent studies have compared the structural arrangements of non-lyophilized (native) and lyophilized biological tissue by x-ray scattering techniques in order to evaluate the influence of the water molecules \[[@bib18], [@bib19], [@bib20]\].

Desouky *et al.* (2001) [@bib18] present WAXS profiles of several biological samples, including blood and its constituents, fat, muscle, proteins and DNA. In 2003 [@bib20], the same group characterized cirrhosis and hepatocellular carcinoma lyophilized samples by x-ray scattering. A peak of q = 3.41 nm^−1^ was observed within normal samples and this shifted to q = 3.51 nm^−1^ for cirrhosis cases and up to 3.61 nm^−1^ for cases with hepatocellular carcinoma. These shifts were attributed to structural changes in serum proteins consistent with the onset and progression of cirrhosis to hepatocellular carcinoma.

Herein, we present SAXS and WAXS analyses of normal and pathological human breast tissues at native and lyophilized states. The results presented allow inference about the behavior of the water-soluble metabolites on the structural organization of the breast tissues and their role in the breast pathologies development.

2. Materials and methods {#sec2}
========================

2.1. Breast tissue samples {#sec2.1}
--------------------------

Three human breast samples were analyzed in this study. They were obtained from reduction mammoplasties and prophylactic mastectomies from three female subjects at Clinics Hospital of Ribeirão Preto of the University of São Paulo (HC-FMRP/USP), Ribeirão Preto, Brazil. Two experts breast pathologists determined the pathological state of all tissues. The samples were fixed in formalin (4% formaldehyde in water) in order to preserve the structures within the tissues. Immediately before the measurements, the excess of formalin was withdrawn and each sample was cut into 2 mm thick portions to fit into the circular sample holder with 10mm of diameter and sandwiched by thin mica foils. After SAXS and WAXS measurements with the samples at native state, these samples were submitted to a lyophilization procedure using the lyophilizer Terroni® LS 3000. This process can be summarized as follows: (1) freezing the sample at −50 °C for 8h; (2) primary drying −50 °C for 48h; and (3) secondary drying at 25 °C for 24h. The chamber pressure was maintained at 20Pa during the drying process. When the lyophilization process was over, the vials were immediately filled with nitrogen gas, sealed with rubber caps, and stored at 4 °C. The weights before and after the freeze-drying procedure were recorded and the wet-to-dry ratios calculated for each sample. At the moment of the measurements, the lyophilized samples were kept at room temperature in order to defrost.

### 2.1.1. Ethical approval {#sec2.1.1}

This study was approved by the Research Ethics Committee of the Clinics Hospital of Ribeirão Preto of the University of São Paulo (HC-FMRP/USP), Ribeirão Preto, Brazil, protocol no. 4305/2009, under the ethical guidelines of the Declaration of Helsinki and its revisions. Moreover, we declare that we have no access to patient data. In this study, we only collect the breast samples from a biobank with their respective histopathological classifications. Therefore, by the ethical guidelines, no consent of the patients was needed.

2.2. SAXS measurements {#sec2.2}
----------------------

The experiments were performed at the D02A-SAXS2 beamline in the National Synchrotron Light Laboratory in Campinas, Brazil. The experimental setup was mainly comprised by a source, a focused monochromator of Si (111) to provide an x-ray beam of wavelength 1.488 Å and a beam size of (1.0 × 0.5 mm) on the sample. Moreover, the experimental setup also consists of a sample-holder, a vacuum chamber to minimize air scattering and absorption losses, two systems of scatterer/detector (aluminum plate/NaI(Tl) detector) to determinate the sample attenuation and, finally a two-dimensional MarCCD 165 camera detector of 2048 × 2048 pixels, with resolution of 79μm per pixel. Two sample-detector distances were used (381 mm and 1602 mm), allowing to record the momentum transfer range of 0.150 nm^−1^ \< q(=4π.sin(θ/2)/λ) \< 8.500 nm^−1^, where θ is the scattering angle and λ is the wavelength. A beam stop of 6mm-diameter was inserted centralized and adjacent to the detector in order to avoid the saturation of the detector due to the primary intensity. In order to establish the correct reciprocal space scale of each image, a standard sample of Silver Behenate was used to calibrate and normalize the SAXS patterns for each sample-detector distance. The measured time was adjusted to get a maximum photon counting while not saturating the detector (300 s on average, depending on the electric current in the ring). Three SAXS images were acquired for each tissue sample, one being of the central portion and the others adjacent to this, separated by 2 mm. These images were summed in order to obtain an average scattering profile for the whole sample since each sample was histologically classified as representing the same tissue.

2.3. WAXS measurements {#sec2.3}
----------------------

The angular distribution of photons scattered at WAXS region was measured using a powder diffractometer Siemens D5005 operating in back-reflection mode. The x-ray tube working at 40 kV and 30 mAs was equipped with a Cu anode (K~α~ = 8.04keV) and Ni added filtration. A compensating divergence slit was used to keep the irradiated area constant at 6 mm × 10 mm. Moreover, a Söller slit was positioned between the compensating divergence slit and the sample, located on the central axis of the goniometer system, in order to minimize incident beam divergence. Between the sample and the detector system, other sets of Söller and compensating divergence slit were used to allow measurements within a small angular range around the desired scattering angle. The detector system consisted of a graphite monochromator and a scintillation detector of NaI. The monochromator was in order to accept scattered photons with the K~α~ energy of Cu and to exclude others energies (like Compton in large angle and multiple scatter). Scattering angles from 4° up to 72° were scanned in steps of 1/3°, corresponding to *q*-range between 2.84 nm^−1^ and 47.90 nm^−1^. A counting time of 30 s for each angular position was selected in order to provide a statistical uncertainty of less than 3%.

2.4. Data handling {#sec2.4}
------------------

SAXS images were azimuthally integrated using the software FIT2D [@bib21] in order to extract the one-dimensional distribution of the scattered intensity. However, before the data reduction, detector artifacts were removed.

SAXS scattering profiles were obtained by applying some corrections and normalization, which are detailed in Conceição and coworkers [@bib5]. This procedure can be summarized by the [Eq. (1)](#fd1){ref-type="disp-formula"}:$$I_{S}\left( q \right) = I_{S + BG}^{\ast}\left( q \right) \cdot A_{S + BG} - I_{BG}^{\ast}\left( q \right) \cdot A_{BG}$$where $I_{S + BG}^{\ast}\left( q \right)$and $I_{BG}^{\ast}\left( q \right)$ represents the sample plus background and the background scattering intensity, respectively. $A_{S + BG}$ corresponds to the self-attenuation factor of sample plus background, while $A_{BGi}$ the background attenuation factor. Sample self-attenuation factor was experimentally determined in fast measurements before the SAXS measurements, and it was considered constant for the whole *q*-range.

The scattering profiles obtained at the two distances used in this work were combined in order to obtain a unique scattering profile by the standard sample data in a common q interval to these distances.

Linear coherent scattering coefficients ($\mu_{CS}$) were determined from WAXS data, all distribution of coherently scattered intensities measured were submitted to correction procedure and normalization, described in detail in our work [@bib10]. Firstly, it was removed the photons originated from every other scattering sources that not the sample, $I_{M\_ corr}\left( q \right)$. Next, correction due to polarization ($P\left( q \right)$) and sample self-attenuation and geometric effects ($A\left( q \right)$), where both were calculated using standard analytical functions \[[@bib11], [@bib22]\]. Finally, the data were normalized by using a scaling factor$K$. This factor is obtained by averaging the ratio between the experimental data and the theoretical one computed within the independent atomic model (IAM), using the composition and density values for the tissues at the native and lyophilized state shown in [Table 1](#tbl1){ref-type="table"}, for $q \geq 39\ nm^{- 1}$. The [Eq. (2)](#fd2){ref-type="disp-formula"} condenses this procedure:$$\mu_{CS} = KI_{M\_ corr}\left( q \right)P\left( q \right)^{- 1}A\left( q \right)^{- 1}$$Table 1Chemical and physical composition of the human breast tissues at native and lyophilized state.Table 1SamplesStateH(%)C(%)N(%)O(%)Density (g/cm^3^)Normal TissueNative10,763,03,023,30,91Lyophilized10,870,80,817,60,78Benign LesionNative9,816,34,169,81,06Lyophilized7,345,513,134,10,67Malignant LesionNative10,216,93,969,01,04Lyophilized7,446,411,934,30,59

3. Results and discussion {#sec3}
=========================

After submission to the lyophilization process, the mass of the normal sample was reduced by 32%, while the benign and malignant lesions were reduced by 82% and 83%, respectively. This mass reduction is mostly due to the decrease of the oxygen content which also implies a reduction of the attenuation coefficient of those samples. Furthermore, the SAXS and WAXS scattering profiles also highlight the consequences of freeze-drying the specimens, Figs. [1](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"} respectively.Fig. 1Comparison of the SAXS scattering profiles of human breast tissues at the native and lyophilized state of a) normal tissue, b) benign lesion and c) malignant lesion. The inset in each figure shows in details the low *q* range, highlighting the collagen fibrils reflections.Fig. 1Fig. 2Native and lyophilized scattering profiles of healthy and pathological human breast tissues at the WAXS region. a) normal tissue, b) benign lesion and c) malignant lesion.Fig. 2

3.1. SAXS scattering profiles {#sec3.1}
-----------------------------

[Fig. 1](#fig1){ref-type="fig"} shows the SAXS scattering profiles of normal ([Fig. 1](#fig1){ref-type="fig"}.a), benign ([Fig. 1](#fig1){ref-type="fig"}.b) and malignant ([Fig. 1](#fig1){ref-type="fig"}.c) human breast tissue at native and lyophilized state. These scattering profiles can be divided into two regions: q ≤ 1.2 nm^−1^ low SAXS and 1.2 nm^−1^\<q ≤ 6.5 nm^−1^ high SAXS.

Within the low region, all scattering profiles in the native state present the reflections corresponding to collagen fibrils, structures with d-spacing about 650Å, from 3^rd^ order (q = 0.29 nm^−1^) to 9^th^ (q = 0.87 nm^−1^) for normal, 10^th^ (q = 0.97 nm^−1^) for benign and 12^th^ (q = 1.16 nm^−1^) for the malignant lesion (shown in the inset of the [Fig. 1](#fig1){ref-type="fig"}.a, b and c respectively). A comparison of the scattering profiles at native and lyophilized states revealed a shift in each peak of collagen reflection, in agreement with Fratzl and Daxer [@bib23]. However, we also observed a different shift specific to each type of tissue. On average, we detected a d-spacing reduction of 3.4 Å for normal, 1.5 Å for benign and 5.5 Å for the malignant lesion. This suggests that electron density is altered in a different way between normal, benign and malignant tissues and that the structure of collagen is different among physiologically normal and pathological states. Collagen fibrils are one of the main components of the extracellular matrix (ECM) and they behave as containing an anchoring structure. In principle, these fibrils are randomly orientated into the ECM; nevertheless, our data support the idea that tumor cells individually and actively realign collagen fibrils to facilitate local invasion by tumor cells from the primary tumor to the surrounding stroma \[[@bib24], [@bib25]\]. Our data also suggest that collagen fibril units are hydration-dependent, but considering the intensity at the lowest q-vector is visualized that the packing of collagen fibrils are not detectably altered by the changes in the hydration as also observed for collagen fibrils in corneal stroma [@bib23]. This is because collagen fibril rearrangement appeared to be similar among normal, benign and malignant tissues when in the native state but different when the water content was removed (lyophilized). The role of water in the process of collagen fibril structure in human breast tissue has not been previously investigated but may be related to the polarity of the water molecules. Concerning the amount of water in the breast, further investigations have to be carried out.

For the normal specimen in the high SAXS region ([Fig. 1](#fig1){ref-type="fig"}.a), two sharp peaks were observed at q = 1.33 nm^−1^ and q = 1.46 nm^−1^ in the native state. The first corresponds to structures with a periodic electron density of about 47Å and present harmonics of 3^rd^ order (q = 3.99 nm^−1^). However, these harmonics are lost in the lyophilized sample. This indicates that the structure with 47 Å of electron density may be due a hydrophilic structure and that when water is removed, this structure becomes unable to rearrange in a manner to produce a constructive scattering intensity. The second peak in [Fig. 1](#fig1){ref-type="fig"}.a is related to the lamellar phase of triacylglycerides [@bib26], the main component of lipids. Both the 1^st^ (q = 1.46 nm^−1^) and 3^rd^ (q = 4.38 nm^−1^) order of lipids component are also present in the normal lyophilized sample (dot line). For the benign lesion, the structure with a periodic electron density of 47 Å was lightly observed by a small peak at of the peak at q = 1.33 nm^−1^. After freeze-dried, the 2^nd^ harmonic (q = 2.66 nm^−1^) of the peak at q = 1.33 nm^−1^ was observed ([Fig. 1](#fig1){ref-type="fig"}.b) for the benign lesion. This behavior, distinct that observed for healthy tissue, may be associated with the dynamics of an altered ECM governed by benign differentiation. This may involve fibroblast activation and may, therefore, explain the observed increase in collagen fibrils density (i.e., desmoplasia). A broad peak at q = 4.17 nm^−1^ corresponding to the structure of 15.1 Å was visualized in both the benign ([Fig. 1](#fig1){ref-type="fig"}.b) and malignant lesions ([Fig. 1](#fig1){ref-type="fig"}.c) at the native state. However, when the water content was removed, this peak shifted to a higher q (5.63 nm^−1^) for the malignant lesion ([Fig. 1](#fig1){ref-type="fig"}.c) compared with q = 5.19 nm^−1^ observed for the benign ([Fig. 1](#fig1){ref-type="fig"}.b). This shift may be associated with a structure present in the ECM that regulates tumor progression, e.g., a protein, but the identity is unclear. Triacylglycerides presence was weaker but still visible in the malignant scattering profile in both states native and lyophilized states (q = 1.46 nm^−1^, [Fig. 1](#fig1){ref-type="fig"}.c). This fact corroborates with the histology of our malignant specimen classified as invasive ductal carcinoma, where the stroma undergoes desmoplastic reaction characterized by over-deposition of bundles of type I and III collagens, which means lower adipose content.

For the normal sample, the main peak at q = 1.46 nm^−1^ was observed in both the native and lyophilized states. In contrast, an amorphous peak at q = 4.17 nm^−1^ (15.1 Å) was observed in the benign and malignant samples at the native state that shifted to q = 5.19 nm^−1^ in the benign sample and q = 5.63 nm^−1^ in the malignant sample after lyophilization.

3.2. WAXS scattering profiles {#sec3.2}
-----------------------------

[Fig. 2](#fig2){ref-type="fig"} compares the WAXS scattering profiles of normal ([Fig. 2](#fig2){ref-type="fig"}.a), benign ([Fig. 2](#fig2){ref-type="fig"}.b) and malignant ([Fig. 2](#fig2){ref-type="fig"}.c) human breast tissue at native and lyophilized state. In [Fig. 2](#fig2){ref-type="fig"}.a one peak arises at q = 6.8nm^−1^ for the lyophilized sample and is related to the structure of periodicity of 9.2 Å, but the origin of this remains unknown. A sharp peak at q = 14.1 nm^−1^ is easily identified at both states corresponding to structure with electron density correlation of 4.5 Å, previously shown be due to e intermolecular distance between the fatty acid molecules \[[@bib27], [@bib28], [@bib29]\]. Moreover, a shoulder region near q = 29 nm^−1^ is present at both states of healthy tissue and is common to all scattering profiles at both states. Tartari et al. reported the same shoulder [@bib27], tabulated the scattering profile of liquefied and filtered fat, and suggested that this represents intra-tissue heterogeneity. A different peak at q = 20.2 nm^−1^ was observed in the pathological lesions in the native states ([Fig. 2](#fig2){ref-type="fig"}.b and c), corresponding to the signal from the oxygen-oxygen electron density correlation between adjacent molecules on the tetrahedral structure of liquid water \[[@bib8], [@bib30]\]. Subsequently to the lyophilization, a shoulder around q = 6.1 nm^−1^ was observed on the benign WAXS profile ([Fig. 2](#fig2){ref-type="fig"}.b) and at q = 5.6 nm^−1^ for the malignant lesion ([Fig. 2](#fig2){ref-type="fig"}.c). These new structures shedding to light the distinct hierarchical arrangement between benign and malignant whose signal is probably suppressed by the water signal.

4. Conclusion {#sec4}
=============

In this work, small and wide x-ray scattering techniques were used to investigate the role of water molecules on the structural organization of normal, benign and malignant human breast tissues.

At both SAXS and WAXS regions new peaks, not observed before according to the authors\' knowledge probably due to their suppression by the water signal, enhanced the architectural arrangement between normal, benign and malignant tissues. Further studies are required to obtain additional information about these new structures.

Although previously reported that the dehydration process influences the collagen fibril structural units, findings from this study suggest no significant influence on the hierarchical arrangement of these fibrils. Thereby, the approach used in this study can be used for sample preparation in studies involving biological specimens by scattering techniques to minimize radiation damage.

Significance statement {#sec5}
======================

Water-content represents between 50% and 70% of the mass in normal breast tissues in women and this percentage is increased within pathological tissues. Increased cell hydration causes cancer not only by promoting cell division and oncogene expression, but also by inactivating genes inducing cell differentiation, and by preventing apoptosis. Nevertheless, how the water molecules influences on the hierarchical tissue arrangement transformation due to cancer initiation and growth is still unclear. Therefore, in this work, we investigated the tissue arrangement at a nanoscale level of normal, benign and malignant breast specimens by using two complementary X-ray elastic scattering techniques (WAXS and SAXS). We found out significant changes mainly related to collagen fibril unit and fatty acids which can be useful for cancer target therapy.
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